The effects of heat treating conditions on thickness of the oxygen-enriched layer or a-case in Ti-4.5%Al-3%V-2%Fe-2%Mo alloy were studied in comparison with Ti-6%Al-4%V alloy, and then the effects of these layers on the mechanical properties were investigated. The higher heating temperature and an extended heating time increased oxygen-enriched layer or a-case thickness in Ti-4.5%Al-3%V-2%Fe-2%Mo alloy, and atmospheric heating using high purity argon gas with 99.999% purity could not prevent formation of the oxygen-enriched layer even by heating at such a low temperature as 998 K. The 30 mm thick oxygenenriched layer without a-case was formed by heat treating at 1 048 K for 3.6 ks in use of 99.9 % purity argon gas which corresponded to the typical heating conditions adopted in a practical superplastic forming (SPF) operation using Ti-4.5%Al-3%V-2%Fe-2%Mo alloy. The thickness of both surface layers in Ti-6%Al-4%V alloy was much thicker than Ti-4.5%Al-3%V-2%Fe-2%Mo alloy because of its higher heating temperature. Tensile elongation, fatigue strength and bendability were deteriorated with the increase of oxygen-enriched layer or a-case thickness, and removal of these layers by pickling treatment fully recovered these properties to an original level. Deterioration of the mechanical properties was exerted by existence of the surface layer with high hardness, and in particular, the oxygen-enriched layer with a-case decreased fatigue strength more pronouncedly compared with the surface layer without a-case. Existence of brittle surface layer with high hardness and the coarse grain size in a-case appeared to be responsible for accelerated formation of microcrack at the surface of the mechanical testing specimens, resulting in deterioration of various properties.
Introduction
In hot working process such as hot rolling or hot forging, the oxygen-enriched layer in addition of oxide layer is formed in the subsurface of the wrought titanium. This oxygen-enriched surface layer or a-case has high hardness, which causes deterioration of the mechanical properties of wrought titanium materials such as tensile ductility, fatigue strength and cold workability. [1] [2] [3] Therefore, removal of this surface layer by such processes as grinding, polishing or chemical milling is indispensable in manufacturing hot worked titanium products. The necessity of these processes is one of the causes for the higher manufacturing cost of titanium materials in comparison with other structural materials such as steel or aluminum alloys. Because the oxygenenriched layer is formed accompanied with surface oxidation during reheating of slab, billet or forging stocks before hot working, the decrease of reheating temperature is effective for a reduction of deteriorated layer thickness. 4) Currently, superplastic forming (SPF) process or its combination with diffusion bonding (SPF-DB) in use of aϩb type titanium alloys is widely adopted, in particular in the aircraft manufacturing industry. Major advantages of this process in use of titanium alloys are improvement of productivity, easy manufacturing capability of a complex shape component, or the increase of the material yield. [5] [6] [7] Differently from the conventional hot working process, operation of SPF or SPF-DB process is performed in an inert gas atmosphere such as argon gas, and the forming temperature is such a temperature as to yield around 50 %/50 % volume fraction in both a and b phases in aϩb type alloys, 8) of which temperature is relatively lower than the conventional hot rolling or forging temperature in aϩb processing. Nevertheless, chemical milling process after SPF cannot be eliminated in a practical manufacturing process because of a-case formed in the surface layer of SPF products. Chemical milling process applied to titanium SPF products is not only a time and work-force consuming process, but also unfavorable to environment protection because of the large amount of use and waste of harmful chemical solution. The time period used for chemical milling process in a given SFP product is determined by deteriorated surface layer thickness, which depends on the forming temperature, time and purity of argon gas used for atmospheric heating. In particular, the SPF temperature appears to be the largest factor influencing on deteriorated surface layer thickness. The SPF temperature of Ti-6%Al-4%V alloy which has been most widely used as a material for SPF or SPF-DB is 1 173 to 1 223 K. On the other hand, the b-rich aϩb type titanium alloy of Ti-4.5%Al-3%V-2%Fe-2%Mo alloy was developed aiming a large reduction of the SPF temperature down to 1 048-1 073 K. 9, 10) The first objective of the present study was to investigate the effect of heat treating conditions on oxygen-enriched layer thickness or a-case thickness in Ti-4.5%Al-3%V-2%Fe-2%Mo alloy in comparison with Ti-6%Al-4%V alloy. Heat treating conditions investigated included the heating temperature, time and purity of argon gas in an atmospheric heating, and the experimental ranges of these variables were determined by taking consideration of heating conditions adopted in a practical SPF operation. The second objective was to investigate the effect of oxygen-enriched layer thickness or a-case thickness on mechanical properties of both alloys which include tensile properties, bending fatigue strength and a critical bend factor in bend testing with a bend angle of 180 degrees. These properties were compared with results obtained in the specimens without any deteriorated surface layer, which were prepared by heat treating under vacuum or pickling treatment after atmospheric heating. Finally, the cause for deterioration of mechanical properties exerted by the existence of the oxygen-enriched surface layer was discussed based on the increase of micro-hardness or microstructural variation in the subsurface layer in Ti-4.5%Al-3%V-2%Fe-2%Mo alloy. Treatment and Observation of the Microstructure  Table 1 shows the chemical compositions of Ti-4.5%Al-3%V-2%Fe-2%Mo and Ti-6%Al-4%V alloy sheets used in this study. These were mill-annealed sheets with a thickness of 2 mm supplied from commercial mill products. All the specimens used for studies of heat treatment and the mechanical properties were prepared by cutting to an appropriate shape and size from these alloy sheets, and were surface-polished and pickled by a 10 % nitric acid and 3 % hydrofluoric acid solution to obtain a given surface roughness. Then, the specimens were heat treated by the box type electric furnace under a flowing argon gas. Argon gases with 2 levels of purity were used, and O 2 gas contents in 3N and 5N grades of argon gas were less than 5 ppm and 0.2 ppm, respectively. Two kinds of heat treatment were conducted. The first one was for the specimens used for investigation of the effects of the heating temperature and time on growth behavior of a-case or the oxygen-enriched layer in both alloys. The heating temperatures were 998, 1 023, 1 048 and 1 073 K for Ti-4.5%Al-3%V-2%Fe-2%Mo alloy, and 1 173 K for Ti-6%Al-4%V alloy. Heating times at a respective temperature were 3.6, 10.8 and 21.6 ks, which covered the forming time period adopted in the practical SPF operation. The second one was for the specimens used for mechanical testing, where the heating temperatures were fixed at 1 048 K for Ti-4.5%Al-3%V-2%Fe-2%Mo alloy and 1 173 K for Ti-6%Al-4%V alloy.
Experimental Procedure

Titanium Alloys, Heat
These temperatures were the typical SPF temperature in a respective alloy, corresponding to the temperatures yielding around 50 %/50 % volume fraction in both a and b phases. Heating times at 1 048 K in Ti-4.5%Al-3%V-2%Fe-2%Mo alloy were 3.6, 10.8 and 21.6 ks and 10.8 ks for Ti-6%Al-4%V alloy. After heating, all specimens were cooled under an argon gas flow at a cooling rate of 1.0 K/s. In addition to the heating in the argon gas atmosphere, heating under vacuum with 1.33 Pa was also performed by using a vacuum electric furnace for both alloys, where the heating time at a respective heating temperature in both alloys was 10.8 ks. Furthermore, the experiment to verify the effect of pickling treatment on the mechanical properties was conducted. The specimens heat-treated under 5N grade argon gas atmosphere were re-pickled by an acid solution described above, fully eliminating the oxygen-enriched surface layer.
Microstructural observations of the surface portion in the thickness direction of the specimens after heat treatment were performed by optical microscopy, and these specimens were etched by a 10 % nitric acid and 3 % hydrofluoric acid solution after polishing. Thickness of a-case formed in the surface layer was measured on optical micrographs as thickness of the mostly single a phase layer clearly distinguished from the two-phases microstructure in the base alloy, and oxygen-enriched layer thickness was determined by an oxygen concentration profile in the subsurface layer detected by EPMA of JXA-8600MX. Because surface roughness of the mechanical testing specimens is known to exert a marked influence on properties, in particular fatigue strength for titanium alloys, 11) it was measured by a surface roughness tester of Kosaka Surfcoder SE-30D, obtaining values of maximum surface roughness, R max for all the heat-treated specimens.
Mechanical Testing
Three kinds of the mechanical testing, that is, tensile testing, bending fatigue testing and bend testing with a bend angle of 180 degrees were conducted for Ti-4.5%Al-3%V-2%Fe-2%Mo alloy, and the first and last tests were conducted for Ti-6%Al-4%V alloy. The shape, dimensions and the surface-finish condition of these testing specimens are shown in Fig. 1 . Thickness of the specimens was 2 mm in all of the mechanical testing. Tensile testing specimen has a gauge width of 6.25 mm and a gauge length of 25 mm, and tensile testing was conducted in accordance with ASTM E8. An hourglass type of the bending fatigue testing specimen has a gauge width of 20 mm and a gauge portion radius of 30 mm, and bending fatigue testing was done under a stress ratio (R) of Ϫ1 and a frequency of 25 Hz. The maximum applied stress in the specimen surface was calculated from strain measured by a strain gauge pasted on the gauge portion of the specimen, Young's modulus and moment of inertia of a cross section. The value of a bend factor, r/t in bend testing with a bend angle of 180 degrees was varied by changing a tool tip radius (r) for bend testing from 3.0 mm to 5.5 mm under a given specimen thickness (t) of 2 mm. Scanning electron microscopy of JSM-5300 was used to observe the specimen surface at the location near the fatigue failure point and the fatigue fracture surface, identifying a crack initiation site in the fatigue failure specimens or microcracks formed in the specimen surface during testing. Micro-hardness distribution in the subsurface layer of Ti-4.5%Al-3%V-2%Fe-2%Mo alloy was measured by Vickers micro-hardness tester with a load of 49 mN.
Results
Effect of Heat Treating Conditions on a a-Case
Thickness and Oxygen-enriched Layer Thickness Microstructures of both alloys heat-treated in the aϩb region consisted of the primary a and the transformed b phases. Figure 2 shows the changes of primary a grain size with heating time at the temperature from 998 to 1 073 K in Ti-4.5%Al-3%V-2%Fe-2%Mo alloy and at 1 173 K in Ti-6%Al-4%V alloy. The former alloy showed an extremely fine grain size less than 3 mm and also very slow grain growth rate compared with the latter alloy. The microstructural features of former alloy are very advantageous as a titanium alloy used for SPF or SPF-DB process because a smaller grain size brings about higher superplasticity and lower forming stress. 12, 13) The microstructures of the surface region in Ti-4.5%Al-3%V-2%Fe-2%Mo and Ti-6%Al-4%V alloys are shown in Fig. 3 , where (a) and (b) are the former alloy heat-treated at 1 048 K for 10.8 ks under vacuum and 3N-Ar gas atmosphere, respectively, and (c) is the latter alloy heat-treated at 1 173 K for 10.8 ks under 3N-Ar gas atmosphere. The acase is the surface layer with the microstructure consisting of mostly single a phase and the much reduced volume fraction of the transformed or retained b phase compared with the two-phases microstructure of the base alloy. This a-case was observed in both alloys heat-treated in an argon gas atmosphere, in particular very thick in Ti-6%Al-4%V alloy, while no such layer was observed in Ti-4.5%Al-3%V-2%Fe-2%Mo alloy heat-treated under vacuum. The oxygen concentration profiles in the surface layer Oxygen-enriched layer thickness and a-case thickness formed during heat treatment depend on not only the heating temperature or time, but also heating atmosphere.
14)
The effect of these heat treating conditions on oxygen-enriched layer thickness and a-case thickness in both alloys are shown in Figs. 5 and 6, respectively, where (a) and (b) show the results for heat treatment under argon gas with 5N and 3N purity, respectively. Oxygen-enriched layer thickness in Ti-4.5%Al-3%V-2%Fe-2%Mo alloy markedly changed with the heating temperature and also did with time in both alloys as shown in Fig. 5 . It is found from comparison of Figs. 5(a) and 5(b) that the grade-up of argon gas purity from 3N to 5N was found to reduce this layer thickness, but no formation of the oxygen-enriched layer was impossible in any heat treating conditions investigated here except heating under vacuum. Very similar results were obtained for a-case thickness as shown in Fig. 6 . The higher heating temperature and an extended heating time increased a-case thickness, which was much thinner than oxygen-enriched layer thickness in a respective heat treating condition. It is important to note that very thin acase was formed in the heating time of 21.6 ks even at such a low heating temperature as 998 K under very high purity argon gas atmosphere.
Effects of a a-Case and Oxygen-enriched Layer
Thickness on Mechanical Properties The effects of heat treating conditions on a-case thick- ness, oxygen-enriched layer thickness and surface roughness of the specimens used for evaluation of mechanical properties of both alloys are summarized in Table 2 . It is well known that surface roughness of the specimen exerts marked influence on fatigue strength in titanium alloys.
11) It is evident from Table 2 that there was no significant difference in surface roughness among mechanical testing specimens, of which R max value was in the range from 5.46 to 5.95 mm. On the other hand, a-case thickness or oxygenenriched layer thickness widely varied depending on heat treating conditions. Heat treating time over 10.8 ks at 1 048 K resulted in formation of a-case for heating atmosphere of argon gas with both purity levels in Ti-4.5%Al-3%V-2%Fe-2%Mo alloy, and oxygen-enriched layer thickness varied from 30 to 85 mm depending on heating time and purity of argon gas. The layer thickness of Ti-6%Al-4%V alloy was much thicker than that of Ti-4.5%Al-3%V-2%Fe-2%Mo alloy because of the higher heating temperature. Heating under vacuum or pickling treatment after heat treatment was confirmed to exist neither a-case nor oxygen-enriched layer on specimen surface in both alloys.
Tensile properties obtained by various heat treating conditions in both alloys are also shown in Table 2 . Ultimate and 0.2 % proof tensile strengths did not show any significant variation with heat treating conditions. However, an elongation decreased with the increase of a-case or oxygen-enriched layer thickness in both alloys. Ductility reduction due to the formation of these layers was more prominent in Ti-4.5%Al-3%V-2%Fe-2%Mo alloy compared with Ti-6%Al-4%V alloy, and this seems to be due to higher strength of the former alloy. Figures 7(a) and 7(b) show S-N curves in bending fatigue testing for Ti-4.5%Al-3%V-2%Fe-2%Mo alloy. The top figure (a) shows an effect of heating time at 1 048 K, and an extension of the heating time up to 21.6 ks continuously and markedly decreased fatigue strength. This appears to be caused by the increase of oxygen-enriched layer thickness and a-case thickness because other factors influencing fatigue strength such as strength, surface roughness 11) or primary a grain size 15) showed very tiny variations with the heating time as shown in Fig. 2 and Table 2 . The bottom figure (b) shows an effect of argon gas purity in comparison with the specimens heat-treated at 1 048 K for 10.8 ks under vacuum or pickled after heat treatment. Bending fatigue strength of Ti-4.5%Al-3%V-2%Fe-2%Mo alloy without the oxygen-enriched layer was approximately 500 MPa, and the decrease of an argon gas purity grade from 5N to 3N for atmospheric heating decreased fatigue strength. This reduction of fatigue strength also corre- sponds to the increase of oxygen-enriched layer thickness or a-case thickness. Removal of surface layer by pickling treatment fully recovered fatigue strength to an original level. All of these results indicate that fatigue strength is mostly controlled by a-case or oxygen-enriched layer thickness.
Bending fatigue strength and ratio of bending fatigue strength to tensile strength obtained in a respective heat treating condition are also summarized in Table 2 . This ratio obtained by bending fatigue testing in Ti-4.5%Al-3%V-2%Fe-2%Mo alloy without any oxygen-enriched layer is 0.50 to 0.51, which is relatively lower compared with values reported previously. 16) This seems to be due to different fatigue testing methods such as bending fatigue and axial fatigue testing. This ratio decreased down to 0.35 with the increase of oxygen-enriched layer thickness up to 85 mm. Heating at 1 048 K for 10.8 ks in argon gas with 5N purity formed the 30 mm thick oxygen-enriched layer, resulting in fatigue strength to tensile strength ratio of 0.46. Heating for 3.6 ks in argon gas with 3N purity formed 30 mm thick oxygen-enriched layer without a-case. However, formation of such a thin oxygen-enriched layer resulted in a reduction of fatigue strength to tensile strength ratio down to 0.48. That is, in practical SPF process using Ti-4.5%Al-3%V-2%Fe-2%Mo alloy with very low SPF temperature, pickling treatment after SPF can not be eliminated even by use of very high purity argon gas for atmospheric heating. Figures 8(a) and 8(b) show SEM micrographs of fatigue fracture surface in Ti-4.5%Al-3%V-2%Fe-2%Mo alloy heat-treated at 1 048 K in vacuum and 3N grade argon gas, respectively. The cycles to failure in (a) and (b) are 12 800 and 9 090, respectively. The latter heating condition formed 20 mm thick a-case or 85 mm thick oxygen-enriched layer, which resulted in markedly different fracture surface appearance from that of the specimen heat treated under vacuum. Cracks nucleated at the surface may propagate at high growth rate toward inside of the specimen, forming a rough fracture surface with steps in the oxygen-enriched layer because the oxygen-enriched layer is brittle. 17, 18) Thickness of this region was almost comparable to oxygen-enriched layer thickness. This area was followed by heavily deformed region by repeated bending stress, which is shown as a white color region in Fig. 8(b). Figures 9(a) to 9(d) show SEM observations of the specimen surface at the location near the fatigue failure point. Applied stress and the cycles to failure are noted in caption of this figure, and thickness of a-case or oxygen-enriched layer increases in order from (a) to (d). Microcracks were formed in highly stressed area in the specimen surface near the location of the fatigue failure point. It is evidently shown that the numbers of microcracks increased with the increase of a-case thickness or oxygenenriched layer thickness, nevertheless applied stress decreased from 512 to 426 MPa in order from (a) to (d). It is also found that the length, depth and width of a respective microcrack increased with the increase of a-case or oxygen-enriched layer thickness, and this variation of crack size or morphology agrees with a previous work. 19) Bend testing results in both alloys are summarized in Table 3 . The critical bend factor of Ti-4.5%Al-3%V- 2%Fe-2%Mo alloy without any deteriorated surface layer is 1.75, and microcracks were formed even in a bend factor of 2.75 for the specimens with a-case or the oxygen-enriched layer. Pickling treatment after heat treatment fully recovered a critical bend factor to an original value. These results indicate that existence of a very tiny surface defect or very thin deteriorated surface layer is very sensitively evaluated by bend testing in the titanium alloy. In Ti-6%Al-4%V alloy with very poor cold formability, 20) a critical bend factor was 2.75 in the specimen without any deteriorated surface layer, and existence of this layer increased a critical bend factor to the further higher value.
Discussion
It was made clear from this investigation that atmospheric heating using high purity argon gas can not prevent formation of the oxygen-enriched layer even by heating at such a low temperature as 998 K. An extremely thin oxygen-enriched layer without a-case was formed at the heating temperature of 1 048 K for 3.6 ks, which is the typical heating condition corresponding to a practical SPF process in use of Ti-4.5%Al-3%V-2%Fe-2%Mo alloy. 21) Heavy removal of the surface layer by chemical milling is performed in SPF products made by Ti-6%Al-4%V alloy because very thick surface deteriorated layer with a-case is formed in this alloy as shown from Figs. 3 to 6. It is also confirmed that even thin oxygen-enriched layer reduces mechanical properties of Ti-4.5%Al-3%V-2%Fe-2%Mo alloy. Consequently, pickling treatment of SPF products can not be eliminated even in use of Ti-4.5%Al-3%V-2%Fe-2%Mo alloy with the very low SPF temperature. However, it is expected that the time period used for chemical milling of SPF products made by this alloy is able to be markedly shortened as well as much reduction of the amount of the consumed or wasted acid solution used for chemical milling. These advantages brought about by use of Ti-4.5%Al-3%V-2%Fe-2%Mo alloy may contribute to improvement of productivity and cost reduction in manufacturing SPF products.
Existence of the oxygen-enriched surface layer or a-case in the two titanium alloys investigated was confirmed to deteriorate the mechanical properties such as tensile ductility, fatigue strength and a critical bend factor in bend testing. As well known, this is exerted by solid solution hardening with oxygen in the surface layer. Solid solution hardening by interstitials such as oxygen atoms in a titanium is known to be very large. 22) Therefore, micro-harness distribution in the through thickness direction in the subsurface layer of Ti-4.5%Al-3%V-2%Fe-2%Mo alloy was examined in the specimens heat-treated in various conditions. It was confirmed that no hardening surface layer was observed in the specimens heat-treated under vacuum or pickled after heat treatment, and that the specimen heat-treated under 3N-Ar gas atmosphere yielded higher surface micro-hardness compared with the specimen heat treated under 5N-Ar gas atmospheric heating. As shown in Fig. 10 , the maximum hardness value at the surface and hardening layer thickness increased with an extension of the heating time at 1 048 K, and these changes of the micro-hardness profile corresponded to variation of oxygen-enriched layer thickness in a respective specimen. An extremely high micro-hardness over H V 700 was measured in the surface of the specimen heat-treated at 1 048 K for 21.6 ks under 3N-Ar gas atmosphere. This value of micro-hardness measured in a-case is almost 2.5 times higher than H V 320 of the base alloy. The increase of the oxygen content in the surface layer increases the volume fraction of the a phase and the decrease of the b phase, leading to formation of a-case with very high hardness.
In general, the increase of strength or hardness without accompanying refinement of the microstructure decreases ductility or cold formability. In particular, ductility in the surface layer with such high hardness as shown in Fig. 10 is probably poor and cracking in the surface may easily occur during straining. That is, during tensile, fatigue or bend testing, microcrack appears to be formed in the specimen surface with high hardness layer, resulting in the decreases of an elongation, fatigue strength and bendability. It was reported in fatigue studies of titanium alloys that microcracks were easily formed by cyclic loading due to high notch sensitivity in high strength titanium alloys. 1, 17, 18) In Fig. 11 , fatigue strength of Ti-4.5%Al-3%V-2%Fe-2%Mo alloy obtained by a respective heat treating condition was plotted against the maximum micro-hardness value at the surface obtained from Fig. 10 . The increase of the maximum micro-hardness value in the surface layer from 320 to 780 reduced fatigue strength from 500 to 340 MPa. Although the higher surface micro-hardness corresponds to the thicker oxygen-enriched layer, existence of a-case in the oxygen-enriched layer yielded a larger reduction of fatigue strength compared with the surface layer without a-case. This result indicates that fatigue crack nucleation at the specimen surface is accelerated by existence of a-case.
The hardened surface layer on titanium alloy deteriorates the fatigue strength due to its high notch sensitivity as mentioned although surface hardening treatment such as nitriding and nitrocarburizing improves the fatigue strength of steel products. The cause for reduction of fatigue strength by formation of a-case is discussed based on the microstructural variation. It was reported that crack initiation resistance dominated the fatigue life in high cycle fatigue testing of titanium alloys and that crack was initiated at slip band in the a phase or the interface between the a and b phases.
23) It was also reported that the a phase stabilized by oxygen was brittle and that a grain size at the surface layer increased accompanying with oxygen absorption in Ti5%Al-2.5%Sn alloy.
18) It was made clear in this study that the crack initiation site was the specimen surface as shown in Figs. 8 and 9 . The a grain size in a-case shown in Table  2 increased with growth of the oxygen-enriched layer thickness, becoming larger by approximately 1.3 times compared with primary a grain size in the base alloy. Therefore, the larger decrease of fatigue strength in the specimens with a-case shown in Fig. 12 may be caused by both effects of the low crack initiation resistance due to very high hardness layer and the coarse a grain size in acase. 15) Williams and Lutjering 24) reported that both increases of the oxygen concentration and grain size in the primary a phase enhanced planar slip and that resultant intensive dislocation pile-ups promoted fatigue crack initiation. In the earlier work on fatigue behavior of Ti-4.5%Al-3%V-2%Fe-2%Mo alloy, the slip mode observed under cyclic loading was reported to be "wavy slip type", contributing to the excellent fatigue property of this alloy. 25) However, the dominant slip mode in the oxygen-enriched surface layer or a-case formed in Ti-4.5%Al-3%V-2%Fe-2%Mo alloy appears to be the planar type instead of the wavy type, result- ing in a marked reduction of fatigue strength. The decrease of the elongation value in tensile testing or a critical bend factor in bend testing due to formation of the oxygen-enriched surface layer or a-case seems to be caused by microcrack formation in the specimen surface accelerated based on similar mechanism.
Conclusions
The effects of heat treating conditions on thickness of the oxygen-enriched layer or a-case in Ti-4.5%Al-3%V-2%Fe-2%Mo alloy were studied in comparison with Ti6%Al-4%V alloy under consideration of the heating condition adopted in superplastic forming, and then the effects of these layers on the mechanical properties were investigated focusing on variations of micro-hardness and microstructure in the subsurface layer. The following results were obtained.
(1) The higher heating temperature and an extended heating time increased thickness of the oxygen-enriched layer or a-case in Ti-4.5%Al-3%V-2%Fe-2%Mo alloy, and atmospheric heating using high purity argon gas with 5-nine grade purity could not prevent formation of the oxygen-enriched layer even by heating at such a low temperature as 998 K.
(2) The 30 mm thick oxygen-enriched layer without acase was formed by heat treating at 1 048 K for 3.6 ks in use of a 3-nine grade argon gas which corresponded to the typical heating conditions adopted in a practical SPF operation using Ti-4.5%Al-3%V-2%Fe-2%Mo alloy. Thickness of both surface layers in Ti-6%Al-4%V alloy was much thicker than Ti-4.5%Al-3%V-2%Fe-2%Mo alloy because of its higher heating temperature.
(3) Consequently, pickling treatment of SPF products could not be eliminated even in use of Ti-4.5%Al-3%V-2%Fe-2%Mo alloy with the very low SPF temperature. However, the time period used for chemical milling was possibly shortened markedly by use of this alloy.
(4) Tensile elongation, fatigue strength and bendability were deteriorated with the increase of oxygen-enriched layer or a-case thickness, and removal of these layers by pickling treatment fully recovered these properties to an original level.
(5) Deterioration of the mechanical properties was exerted by existence of the surface layer with high hardness, and in particular, the oxygen-enriched layer with a-case decreased fatigue strength more pronouncedly compared with the surface layer without a-case.
(6) High hardness and the coarse grain size in a-case appeared to be responsible for accelerated formation of microcrack at the surface of the mechanical testing specimens, resulting in deterioration of various properties.
